The exposure of animals to radon and its daughters has been performed in a chamber sealed hermetically. When radon is introduced into the chamber, some fraction of daughter atoms will diffuse to the chamber wall and deposit on it. Some other fraction will attach to dust particles which precipitate onto the chamber wall. Therefore, the radioactive equilibrium state in the chamber air differs from that calculated from the decay constant of radon daughters. For analysis of the exper iments of radon exposure, it is essentially important to know the fraction of the radioactive atoms that attached to dust particles and to estimate the degree of ra dioactive equilibrium in the air which the animals breath. The following study was directed mainly toward this problem and furthermore the retention efficiency of radioactive daughters in the lung of the animal was obtained.
PRINCIPLE OF METHOD

1) Concentration of Radon and Its Daughters in an Exposure Chamber
When radon is introduced into an exposure chamber, it may take a few hours before a radioactive equilibrium is established. Under the equilibrium state, the activities of radon and its daughters in the chamber air are not necessarily equal. This is due to that some of daughter atoms deposit on the surface of the chamber wall and attach to dust particles, whose concentration decreases with time because of coagulation, precipitation and filtration by animal inhalation.
The dust concentration decreases rather rapidly at first when the chamber is closed, but in the case of absence of animals, it varies very slowly with time and can be assumed aproximately as constant after 20 minutes elapsed since the cham ber is closed (see Appendix I). In a closed chamber inclusive animals, on the other hand, the dust concentration decreases more rapidly owing to the filtration effect of animal inhalation and it shows the exponential-like decrease after 20 minutes elapsed since the chamber is closed. In the case of presence of the animals (20 to 40 mice), it was experimentally shown that its decreasing constant was nearly equal to the decay constants of RaB and RaC numerically (see Appendix I).
The radioactivity of radon and its daughters of the chamber air is overwhelm ingly due to Rn, RaA, RaB, RaC and Rae, the last one being in equilibrium with RaC. The daughters other than these contribute a negligibly small amount to the activity. The concentration of the daughters in the chamber air is given as sum of the dust free and the dust attached daughters. Namely, 11A (t) == 11"A (t) + 11 "A (t) ran (t) = nB (t) + n "B (t) nc(t)=n'c(t)+n"c(t) (1). Here, n;(t) is the number of atoms of the daughter i per unit volume in the cham ber air at time t, where i stands for A, B and C that mean RaA, RaB and RaC respectively. n';(t) and n";(t) are the number of atoms of the dust free daughters and dust attached daughters per unit volume respectively. For the dust free daug hters, the following equations are given:
Here, A, is the decay constant of daughter i, kp is an attachment constant defined as a decreasing rate of concentration of the dust free daughter due to attachment to dust particles, and kw is a deposition constant defined as the decreasing rate of the dust free daughter due to their deposition to the wall surface.
Under the condition that the turbulent motion can be neglected as is the case for the present work, kw is determined only by the diffusion constant of ions in the chamber air. Consequently, it is reasonable to assume that kw is constant. It was experimentally
shown that kp was approximately constant in the present work as will be shown later.
Under the conditions that the concentration of Rn, kp and kw are constant dur ing the time of exposure of animals and YZ'A=n'B=n'c=0 at t=0, equations (2) can be solved as following:
where, CRn is radioactivity of radon per unit volume and A'i denotes 2 + kp + kw, which is a effective decay constant of the dust free daughters.
We assume the exponential decrease with decreasing constant k'p for dust con centration of the chamber air. The following equations are given for the dust at tached daughters :
k'p is less than or nearly equal to 2, and Ac (see Appendix I). Accordingly, the neglect of k'p in the equations (4) will result in over-estimate for n"B and n"c by factor 2 at most. 
and kp
The daughter atom is deposited on the wall surface as an ion but not as a dust particle, because the diffusion constant of ion is larger 3-4 order of magnitude than that of dust particle.
The number of the daughter atoms N'A, N'B and N'C that are deposited per unit area of the wall surface can be obtained as a func tion of time t by solving a following set of equations under conditions of N'A= N'B=N'c=0 at t=0.
where, $ is a deposition efficiency of the dust free daughters and v their mean drift velocity normal to the wall surface.
By solving for N'A, we obtain the activity of RaA per unit area of the wall surface as a function of time t as following:
. (7)
. A A k,,+kp Since k,,+kp does not differ greatly from AA as will be shown later, A'A reaches a radioactive equilibrium value in about fifteen minutes after introducing radon into the exposure chamber.
On the other hand, if A'A'° denotes the equilibrium radio activity on the wall surface, we get a relation 'A = ~v , with a reasonable as CR.
A sumption of $=100%.
The deposition rate of the dust free daughters per unit area of the wall surface can be written as k,,n'A (--), S where V is the volume of the 
CR. )'A -S)
The activity ratio of RaC' to RaA is obtained as a function of time t by solving equation (6) By comparing the ex perimentally determined time vari ation with the curves, we can deter mine k, and by using equation (8) kp and kw separately. 3) Estimate of Retention Efficiency and Absorbed Dose in Animal Lung. The dust free daughters, inhaled by animal, are mostly retained on the upper respiratory system, and as the result they hardly reach to the lung. Thus we consider the contri bution to the lung dose from the dust attached daughters and radon by inhalation. ',) Assuming that the biological e limination of the daughters from the lung is small compared with the radioactive decay,') we have a set of equations for the dust attached daughters in the lung, dNA = 7) Qn.,A AANA d t dNB == Qn"B+AANA-ABNB dt dNc =r2Qn"C+ABNB-AcNc where V, is the volume of lung in ml, and T and T' are expressed in min., Q in ml/min, CR,, in ,uCi/ml and Ai in min.-1 N, Fc and G are given in Appendix II. We can estimate 77 by substituting the experimentally determined values for Ac, CRn, kp and ka,.
The lung dose is given almost entirely by alpha rays from Rn, RaA and RaC' and negligibly small by beta and gamma rays. The contribution of radon and these daughters to the lung dose in rad at t=oo can be calculated as following, A photograph of the chamber are given in Fig. 2 .
In order to measure the radon concentration of the chamber, a double screen t : Figure in parenthesis means the number of experimental animals. # : Activity of lung ash was measured about three hours after exposure.
The animals and an ampoule containing radon of 1 mCi'-l0 mCi were placed in the chamber and the ampoule was crushed by using rubber gloves.
After exposure of animals of about an hour the air in the chamber was exchanged with the room air by aid of a pump.
The experimental animals used in this experiment were adult females of Wistar rat and ICR mouse. Their weights are listed in Table 1 .
The time variation of the current obtained by the ionization chamber is shown in Fig. 4 as a typical example.
It has a sharp rise and rapid fall. The sharp rise of the curve was caused by sudden increase of radon concentration when an am poule was broken. The daughters inside the ampoule did not contribute to the cur rent because they remained on the inner surface of the ampoule.
The rapid fall of the curve occured at sudden clean-up of radon and its daughters from the expo sure chamber. Thus the difference between the sharp rise and rapid fall of the cur rent is attributable to activities of the daughters of concentration AA{ n'A(T) + n"A (T) } + Ac {n'c(T) + n"c(T) } which can be given by equations (3) and (5). Accordingly, when kp and k,,, are known, one can estimate the radon concentration in the atmos phere of the exposure chamber. In order to estimate the values of kp and k,,, semiconductor detector of surface barrier type was used. Its sensitive area was about 1 cm'. The detector surface which was about 2 cm off the wall of the exposure chamber could be assumed to be a part of the wall. Fig. 5 shows the semiconductor detector installed in the end plate. In order to avoid the electrostatic charge collection, the potential at the surf ace of the detector was devised to be equal to that of the iron cylinder. The alpha-particles detected by the detector were from nuclei deposited on the detector surface as well as from those in chamber air. The contribution from the nuclei in the chamber air could be obtained by making subtraction between the spectra before and after the exhaustion of the air containing radon and its daugh ters. Figs. 6 (a), (b) , (c), (d) and (e) show a sequence of time variation of the alpha Thus, we obtained the activity ratio of RaC' to RaA deposited on the detector surface as a function of time and by comparing them with theoretical curves as shown in Fig. 1, kp+k, , was determined.
Combining the saturated value of activity curve in Fig. 7 and the kp+k,, value, we determined kp and k,,, separately. The measurements were done with and without animals in the chamber. After exhaustion of the air containing radon and its daughters, the exposed animals were immediately taken out of the chamber and sacrificed. The lung was removed from the animal body and burnt to ashes. The ash was deposited on a stainless steel disk of 3 cm in diameter by a sedimentation method and the alpha activity was measured by a conventional gridded ionization chamber about 3 hours after sacrifice.
A typical alpha spectrum of the lung ash thus obtained is shown in Fig. 8 . From the alpha-activitty of RaC', r7 was obtained by equation (11) using the values of kp and k,,.
In each run of exposure, one rat and one mouse were used to obtain the retention efficiency of the daughters in lung. In some runs fifty mice were exposed simultaneously to observe pathological effects of radon and its daughters on lung.
RESULTS AND DISCUSSION Figure 1 shows the fit of the experimentally obtained value of the activity ratio of RaC' to RaA to the theoretical curve given in equation (9) . The experi mental error was estimated as less than ±15%. The values of kp and k,, deter mined separately are listed in Table 1 . As seen from the table, these values are within a small range in spite of a rather large variation of exposure conditions. Namely, kp ranges from 0.2 to 0.4 min-1 and k,, 0.09 to 0.11 min-1.
The two values of the radon concentration in the exposure chamber were de termined from kp, k," and the rapid and sharp current changes of the double screen ionization chamber.
These values agreed each other and also with the value esti mated from the activity determined by gamma-spectroscopy of the radon ampoule. As seen in Fig. 7 , the measured curves deviate down-wards in the initial stage from the theoretical curve obtained by the equation (7) assuming that k,"=0.1 minute-' and kp=0.3 minute-1.
This shows the effect of the turbulent motion generated by crushing the radon ampoule.
After 20 minutes elapsed since the radon ampoule was crushed, the activity of RaA was kept constant during about one hour. This means that kp was constant as assumed in the calculation.
Such a constancy of kp might be interpreted as follows. kp can be expressed in general, as the product of u, n and cr, where it is the drift velocity of ion and a the attachment cross section to a dust particle.
In the absence of animal in the chamber, n decreases as no noat+ 1 ' where no is the number of dust particles at t=0 and a the coagulation coefficient of dust parti cles (see Appendix I). If the time variation of n is caused only by the coagulation process, the average geometrical cross section of dust particle, which is nearly pro portional to the dust attached cross section, should increase as (noat+ 1) 3, because the total mass of dust particles in the chamber is kept nearly constant. Accord ingly, kp would decrease as no . Thus, the time variation of kp is expected ( noat+ 1)3' to be smaller than that of the dust concentration n and can be assumed as effec tively constant during measurement.
In the presence of animal in the chamber, on the other hand, the decrease of n is more rapid than that in the nonanimal case, because of the dust filtration pro cess by animal inhalation.
The average radius of dust particles shifts rapidly to the submicron side since the dust filtration process is more efficient for the fine dusts with radius less than 0.1 micron. Thus, the geometrical cross sections of dust particles in the exposure chamber increase more rapidly than that in the non-ani mal case. Such an increase of the cross section of dust particles compensates the variation of kp due to the decrease of the dust concentration.
As the result, kp is kept appearently constant as is the non-animal case. The wall deposition constant k,,, is given as the deposition efficiency ~ divided by the mean time r for radioactive ions to reach the chamber wall by diffusion. For determination of the lung dose and the retention efficiency r), the minute volume Q and the lung volume V, were estimated from Palecek's and Crosfill's data. 11.12> Table 1 gives ri and lung dose thus determined together with Q and V, used. If k'p should be taken into account in solving equations (4), these values might be doubled at most.
The value of the retention efficiency ranges from 1.5 to 2.5% for rat and 1.7 to 2.5% for mouse and the mean values are 2.0 and 2.2% respectively.
The agreement of the mean values of both species of animals may be accidental.
However, the retention efficiency may be considered not to differ very much in spite of different respiratory structure for these species.
These values are about one-tenth of the reported values for human lung.s.'.13) This may be considered to be due to a larger capture efficiency for radioactive particles in the upper respiratory system of these animals.
The mean absorbed dose of the lung by breathing air of radioactivity at a level of 0.01 l,tCi/ml was estimated by the formula (12) as 8.0 rads for rat and 18.9 rads for mouse. Fig. A-1 The time variation of dust concentration in the absence of animals.
APPENDIX I
If the decreasing rates of dust concentration n caused by dust coagulation and by dust filtration due to animal inhalation are assumed to be proportional to nz and n respectively, the following differential equation is given, do _-an2 -(3n (A-1) , dt where a and (3 are proportional constants.
Under the initial condition of n=no at t=0, the equation (A-1) can be solved as follows, n° n = C-~°-) eat an~° (A-2).
1+ an
In the limiting case of P=O, corresponding to the absence of animals in the closed chamber (case 1), the dust concentration is given as n= n° (A-3). anot+ 1 In order to estimate the values of an° and (3, we measured the time variation of the dust concentration in the chamber used in the experiment by the aid of a Pol lak counter (photo-nuclei counter). Fig. A-1 shows the typical curves in the ab sence of animals in the chamber.
The dust concentration was constant within ±30 during one hour after 20 minutes elapsed since the chamber was closed. As seen in the figure, it is difficult to fit the experimental curves to theoretical ones given
